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Abstract

Human umbilical cord mesenchymal stem cell (UC-MSC) application is a promising arising therapy for the treatment of
premature ovarian failure (POF). However, little is known about the inflammation regulatory effects of human umbilical cord
MSCs (UC-MSCs) on chemotherapy-induced ovarian damage, regardless of in vivo or in vitro. This study was designed to
investigate the therapeutic effects of UC-MSC transplantation and underlying mechanisms regarding both apoptosis and inflam-
mation in POF mice. The chemotherapy-induced POF models were induced by intraperitoneal injection of cyclophosphamide.
Ovarian function parameters, granulosa cell (GC) apoptosis, and inflammation were examined. Morphological staining showed
that UC-MSC treatment increased the ovary size, and the numbers of primary and secondary follicles, but decreased the number
of atretic follicles. Estradiol levels in the UC-MSC-treated group were increased while follicle-stimulating hormone levels were
reduced compared to those in the POF group. UC-MSCs inhibited cyclophosphamide-induced GC apoptosis and inflammation.
Meanwhile, phosphorylation of AKT and P38 was elevated after UC-MSC treatment. Tracking of UC-MSCs in vivo indicated
that transplanted UC-MSCs were only located in the interstitium of ovaries rather than in follicles. Importantly, UC-MSC-derived
extracellular vesicles protected GCs from alkylating agent—induced apoptosis and inflammation in vitro. Our results suggest that
UC-MSC transplantation can reduce ovary injury and improve ovarian function in chemotherapy-induced POF mice through
anti-apoptotic and anti-inflammatory effects via a paracrine mechanism.
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vasomotor and genito-urinary symptoms, maintain bone
health, and prevent osteoporosis and cardiovascular disease,
whereas HRT could not effectively restore the impaired ovar-
ian function [6]. In recent years, there were promising ad-
vances in mesenchymal stem cells (MSCs) for treating POF,
drawing attention to their clinical application value for im-
proving ovarian function.

MSC:s are characterized by self-renewal property, high pro-
liferation rate, and multipotent differentiation capacity. They
have been used to treat numerous severe and resistant dis-
eases, including lung injury, nephropathy, osteoarthritis, ner-
vous system diseases, intrauterine adhesion, and POF [7-12].
MSCs promote the damaged tissue repair and regeneration
predominantly via differentiation into the target tissue cells,
anti-apoptosis effects, and strong capacities of immune regu-
lation and inflammation inhibition. Human umbilical cord
MSCs (UC-MSCs) are distinguished due to their “younger”
somatic stem cell nature, extremely poor immunogenicity,
low tumorigenicity, rapid proliferation speed, and fewer ethi-
cal issues [13]. Therefore, UC-MSCs have recently become a
promising candidate for clinical applications. Although UC-
MSCs have currently been used to treat POF in some clinical
trials, the mechanisms underlying their restorative effects are
not fully understood.

The anti-apoptotic effect is one of the critical mechanisms
of UC-MSC:s to protect ovarian granulosa cells (GCs). There
has been evidence showing that rapidly proliferative cells
(GCs) are more sensitive to the cytotoxicity of alkylating
agents than the cells at rest (oocytes), implying steroidogenic
cells in the follicle are more likely the target of cyclophospha-
mide (CTX) [14]. Previous studies showed that chemothera-
peutic drugs induced apoptosis of GCs, and MSC transplan-
tation could downregulate the apoptotic levels of GCs
[15-18]. Hence, the alleviation degree of GC apoptosis is an
important parameter to evaluate the restorative effects of UC-
MSC:s for treating POF.

CTX has been reported to cause inflammatory imbalance in
the ovaries [19, 20]. On the other hand, anti-inflammation and
immune regulation capacities of MSCs were proven to be
critical for treating inflammatory lesions and immune disor-
ders, such as osteoarthritis and systematic lupus erythemato-
sus [9, 21]. Although a few studies reported that MSCs from
other sources could reduce the production of pro-
inflammatory cytokines in damaged ovaries [19, 22, 23], little
is known about the inflammation regulatory effects of UC-
MSCs on chemotherapy-induced ovarian damage.

Intravenously injected MSCs have been evidenced to be
able to migrate to the ovary tissue in the POF model [22,
24-26]. MSCs derived from various sources other than endo-
metrium [26] were shown to locate in the stroma of the ova-
ries, but not differentiate into follicular cells. Additionally,
MSC-derived materials also revealed protective effects for
the ovaries against chemotherapy [27-30]. Those results

strongly suggested the potential role of a paracrine mecha-
nism. In recent years, extracellular vesicles (EVs), a class of
membranous nanoparticles secreted by mammalian cells, have
been found to serve as cell-cell communication vehicles and
participate in the paracrine effects [31]. The application of
MSC-EV-related studies would further evidence the signifi-
cance of a paracrine mechanism and help reveal the mecha-
nisms underlying the effectiveness of MSCs in vitro.

In the current study, we aimed to investigate the mecha-
nisms with respect to apoptosis and inflammation underlying
the therapeutic effects of UC-MSCs on chemotherapy-
induced ovary damage, both in vivo and in vitro. Moreover,
UC-MSC-derived EVs were used to explore the role of a
paracrine mechanism underlying the reparative effects of
UC-MSCs.

Materials and Methods
Animals

The female C57BL/6 mice (6—7 weeks old) were purchased
from Hubei Provincial Center for Disease Control and
Prevention. They were bred at a temperature of 30 + 2 °C with
a 12-h light/dark cycle.

Cells

Isolation and Identification of UC-MSCs UC-MSCs were ob-
tained from Hamilton Biotech Co., Ltd., Hubei province. The
preparation was as follows: the full-term umbilical cord (UC)
was retrieved from a healthy newborn after obtaining the in-
formed consent of its mother. UC was dissected into 1.5-2.0-
cm sections, and Wharton’s Jelly was isolated from UC. The
homogenates of Wharton’s Jelly were washed and plated in a
cell culture dish containing BioWhittaker ultraCULTURE
general purpose serum-free medium (Lonza, Basel,
Switzerland) supplemented with 10% Ultroser G serum sub-
stitute (Pall, Port Washington, NY, USA) and glutamine
(Lonza) at 37 °C, 5% CO,. After 13 days, nonadherent cells
were removed, and the remaining cells were identified as the
primary passage of UC-MSCs. Passage 5 (P5) UC-MSCs
were applied for the following experiments.

The morphology of UC-MSCs was observed using a light
microscopy. Flow cytometry was used to identify the pheno-
type of UC-MSCs. Positive markers CD105, CD73, CD90,
and CD44 as well as negative markers CD19, CD34, and
HLA-DR (all from BioLegend, San Diego, USA) were used
for MSC biomarker detection. For in vitro differentiation as-
says, UC-MSCs were plated with a density of 1 x 107 cells/
cm? in 24-well plates. To achieve adipogenic differentiation,
UC-MSCs were cultured in adipogenic differentiation medi-
um (Weitong, Shenzhen, China) for 14 days. They were fixed
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with 4% paraformaldehyde and stained with Oil Red O. To
achieve osteogenic differentiation, UC-MSCs were cultured
in osteogenic differentiation medium for 21 days. Cells were
fixed, and mineral deposition was visualized using 0.1%
Alizarin Red.

Culture of KGN Cells KGN cells were purchased from the Cell
Bank of Wuhan University. They were cultured in DMEM
(Gibco by Thermo Fisher Scientific, NY, USA) containing
10% fetal bovine serum (Gibco by Life Technologies, NY,
USA) at 37 °C, 5% CO,.

Isolation and Characterization of EVs from UC-MSCs

The conditioned medium of UC-MSCs was collected after 72
h. The medium was processed by 300g centrifugation for
10 min and 2000g centrifugation for 20 min to remove cell
debris. Ultrafiltration of UC-MSCs was conducted using
100 kDa AmiconUltra-4 (Millipore, Darmstadt, Germany)
by 5000g centrifugation for 30 min. The concentrated medium
was ultracentrifuged at 100,000g for 70 min at 4 °C. The
supernatant was removed, and pellets were resuspended in
PBS. The solution was subsequently ultracentrifuged at
100,000¢ for 70 min at4 °C. The EV pellets were resuspended
in PBS and stored at —80 °C for further use.

The morphology of EVs was observed using TEM.
Positive biomarkers Alix and CD9 (Affinity Biosciences,
OH, USA) as well as negative biomarker Calnexin (Cell
Signaling Technology, MA, USA) were used for western blot-
ting to identify EVs. To examine the size distribution of EVs,
nanoparticle tracking analysis was conducted by ZetaView
PMX 110 (Particle Metrix, Germany).

Induction of POF Model and UC-MSC Treatment

Mice were randomly divided into four groups: normal control
(NC) group, NC + UC-MSC group, POF group, and UC-
MSC treatment group. The POF group mice (n = 8) were
intraperitoneally injected with 120 mg/kg of cyclophospha-
mide (CTX, Sigma-Aldrich, USA) and 30 mg/kg busulfan.
For the NC group (n = 6) and NC + UC-MSC group (n = 5),
400 uL PBS instead of chemotherapeutic drugs was intraper-
itoneally injected into mice. Seven days after POF induction,
POF mice in the UC-MSC treatment group (n = 8) were in-
travenously injected with 1 x 10® UC-MSCs in 200 uL PBS
and received a second injection after 2 days. Mice in the POF
group and NC + UC-MSC group received 200 uL PBS twice
to serve as control.

To induce the chemotherapy-induced POF cell model,
KGN cells were cultured with 5 pg/mL nitrogen mustard
(NM) (mechlorethamine hydrochloride, Macklin, Shanghai,
China), an activated metabolite of CTX, for 48 h. To investi-
gate whether UC-MSCs protect the ovarian functions via a
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paracrine pathway, KGN cells were co-cultured with 5 pg/
mL NM and 150 pug/mL UC-MSC-EVs for 48 h.

Ovarian Function Assessment

Estrus cycle determination, counting of follicles in different
stages, and enzyme-linked immunosorbent assay (ELISA) for
FSH and E2 were performed as detailed in the supplemental
materials.

Gene and Protein Expression Measurement

Real-time quantitative PCR, ELISA, immunohistochemistry,
and western blot analysis were performed as described in sup-
plemental methods.

Tracking of UC-MSCs In Vivo

To determine the location of the injected UC-MSCs in the
ovaries, three cell tracking methods were performed. Seven
days after POF model induction, a total of 1 x 10° BrdU-
labeled (BioLegend) or GFP-labeled UC-MSCs in 200 uL
PBS was tail intravenously injected into the mice and injected
a second time on the third day. Two weeks after the UC-MSC
treatment, the ovaries were extracted and immediately frozen
by liquid nitrogen. The frozen sections of ovarian samples
were used to investigate the location of UC-MSCs under a
fluorescence microscope. Nuclei were stained by DAPI.
Meanwhile, paraffin sections of the ovaries were applied for
UC-MSCs tracking by performing immunohistochemistry
using mouse anti-human nuclei monoclonal antibody
(Millipore).

Transwell Migration Assay

To examine the migration capacity of UC-MSCs towards the
lesions, transwell assays were used with ovary extracts. In
order to prepare ovary extracts, the ovary tissues were re-
moved at 7 days after treating with or without CTX and sub-
sequently homogenized by adding the culture medium free of
serum substitute (150 mg tissue/mL culture medium). After
being starved for 24 h, UC-MSCs were seeded with a density
of 5 x 10° cells in 200 ul culture medium without serum
substitute in the upper Transwell chamber (#3422, Corning,
NY, USA). The lower chambers were filled with 500 pL
culture medium without serum substitute but containing
20% ovary extract supernatant. Following 24-h incubation,
cells on the upper side of the membrane were removed using
cotton swabs, while cells on the bottom side of the membrane
were stained with 0.1% crystal violet and counted in five
randomly selected microscopic fields (x400).
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Survival and Apoptosis Detection

CCK-8 assay and annexinV and propidium iodide (PI) stain-
ing were conducted according to the details in the supplemen-
tal data.

Statistical Analysis

Data were expressed as mean = SD. All analyses were per-
formed using GraphPad Prism 8 (GraphPad Software Inc.,
CA, USA). One-way analysis of variance (ANOVA) and
independent-samples ¢ test were respectively used for
multiple- and two-group comparisons. If there was a signifi-
cant difference of variance, then the Mann-Whitney test was
performed for two-group comparisons. P < 0.05 was consid-
ered statistically significant.

Results
Identification and Characterization of UC-MSCs

P5 UC-MSCs were used in this study, and they were identified
according to morphology, differentiation capacities, and MSC
surface markers. UC-MSCs showed a fibroblast-like spindle
morphology (Fig. 1a). To determine whether UC-MSCs could
be induced and differentiated into adipocytes and osteoblasts,
cells were respectively stained with Oil Red O and Alizarin
Red. Figure 1 b and ¢ demonstrated the adipogenic and oste-
ogenic differentiation capacities of UC-MSCs. Additionally,
flow cytometry was used to detect the expression of MSC
surface markers of PS5 UC-MSCs. As shown in Fig. 1d, more
than 98% of UC-MSCs were positive for the markers CD44,
CD105, CD73, CD90, and CD44. Meanwhile, UC-MSCs
were negative for markers CD19, CD34, and HLA-DR (pos-
itive proportion < 1%).

UC-MSC Treatment Improved Ovarian Function in POF
mice

To evaluate the effects of UC-MSC treatment on ovarian
function in POF mice, we recorded 3 weeks of body weight
changes and estrus cycles at 7 days after treatments, and other
ovarian function parameters among the three groups at 2 and 4
weeks after treatments (Fig. 2a). In the POF group, the body
weight increased slowly especially during the first week after
saline treatments. However, the body weight of POF mice
treated with UC-MSCs increased fast during 2 weeks after
the treatments compared to that of mice in the POF group.
To be noted, there was a slight decrease in body weight of
the UC-MSC group after 19 days following the treatments
(Fig. 2b).

We also assessed the estrus cycles in the three groups. POF
mice had longer duration of estrus cycles compared to the
normal control (NC) group (5.21 = 0.76 vs 4.14 £ 0.35 days,

P < 0.01), whereas UC-MSC treatment could reduce the du-
ration (4.25 £ 0.29 vs. 5.21 = (0.76 days, P = 0.02). Besides,
chemotherapy induced a significantly higher diestrus percent-
age (52.29% + 15.25% vs. 29.27% + 7.67%, P < 0.01), while
UC-MSC treatment reversed the diestrus percentage to a nor-
mal level (32.86% = 9.13% vs. 52.29% + 15.25%, P < 0.01;
Fig. 2¢).

The serum hormone levels were examined in the three
groups at 2 and 4 weeks after the treatments. At 2 weeks
following the treatments, the level of FSH was significantly
lower, while the level of E2 was higher in the UC-MSC group
compared to that in the POF group (6.49 + 2.88 vs. 16.87 +
2.96 mIU/mL, P < 0.01; 114.5 +21.38 vs. 70.29 + 33.17 ng/
mL, P =0.02). At 4 weeks, the differences in hormone levels
between the POF group and UC-MSC group turned to be
smaller and nonsignificant (9.87 £ 8.35 vs. 16.45 + 9.21
mlIU/mL, P = 0.16; 89.61 + 62.51 vs. 76.16 £ 34.05 ng/mL,
P =0.61; Fig. 2d).

The ovaries in the three groups were collected for patho-
logical analysis. After 2 and 4 weeks, the ovaries in the POF
group were more atrophic than those in the NC group, where-
as UC-MSC treatment reverses the ovary size to some degree
(Fig. 2e). Likewise, the ovarian follicles in the UC-MSC
group were more than those in the POF group (Fig. 21).
Furthermore, we quantified the numbers of follicles at differ-
ent stages among the three groups. After 2 weeks, there were
significantly more primary follicles and secondary follicles as
well as fewer atretic follicles in the UC-MSC group compared
to those in the POF group (4.93 = 2.12 vs. 1.86 = 0.82 per
slide, P = 0.004; 2.68 + 1.44 vs. 1.35 £ 0.92 per slide, P =
0.045;1.78 £ 0.56 vs. 3.22 £ 1.66 per slide, P = 0.047). After 4
weeks, there were modest but insignificant increase in second-
ary follicle number (1.75 £ 0.85 vs. 1.13 = 0.89 per slide, P >
0.05) and decrease of atretic follicle number (2.40 + 0.77 vs.
2.91 + 1.49 per slide, P > 0.05) in the UC-MSC group com-
pared to those in the POF group, whereas the difference of
primary follicle numbers (3.90 + 1.24 vs. 1.68 + 0.88 per slide,
P =0.001) remained significant (Fig. 2g).

After the slowly intravenous administration of UC-MSCs,
all 10 mice in the NC + UC-MSC group stayed alive. There
were no significant differences in the body weight change,
estrus cycle duration, sexual hormone levels, or the counts
of follicles in various stages between the NC group and the
NC + UC-MSC group (Fig. S1). Hence, intravenously UC-
MSC treatment was a safe approach and would not affect the
ovarian function of mice. The NC + UC-MSC group was not
included in the subsequent experiments.

UC-MSCs Reduced Apoptosis of Granulosa Cells
GCs regulate the development of oocytes and follicles, and

they have been proven as the target of cytotoxic drugs.
According to the above results, the ovarian protective
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Fig. 1 Identification of UC-MSCs. a Morphology of UC-MSCs. b Adipogenic differentiation of UC-MSCs. ¢ Osteogenic differentiation of UC-MSCs.
d Flow cytometric analysis of surface immune antigens of UC-MSCs. Scale bar = 50 um

effects at 2 weeks after a single course of UC-MSC treat-
ment were more significant than those shown at 4 weeks.
Therefore, TUNEL staining and the detection of apoptosis-
related protein expression after 2 weeks were conducted to
explore the effectiveness of UC-MSCs against
chemotherapy-induced GC apoptosis. In the follicle area,
TUNEL-positive GCs could be clearly observed in the
POF group. At 2 weeks after UC-MSC transplantation,
TUNEL-positive GCs were dramatically decreased (Fig.
3a).

To further study the potential pathways involved in the
regulation of GC apoptosis by UC-MSCs, the expression
levels of apoptosis-related pathways in ovary tissues after
2 weeks were examined among the three groups. Cleaved
caspase-3 was highly expressed in chemotherapy-induced
injured ovaries, but its expression levels in the NC group
and UC-MSC group were low, which was consistent with
the TUNEL staining results. The expression ratio of pro-
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apoptosis protein Bax and anti-apoptosis protein Bcl-x1
were significantly higher in the POF group compared to
that in the UC-MSC group. As potential cell apoptosis
and proliferation regulation proteins, the expression of
AKT, p-AKT, P38, and p-P38 was also attempted in this
study. UC-MSC treatment upregulated the phosphoryla-
tion level of AKT compared to that in the POF group,
implying that the activation of the AKT pathway showed
anti-apoptotic effects. On the other hand, phosphorylated
P38/total P38 was higher compared to that in the POF
group, indicating that its pro-proliferation effect took pre-
dominance (Fig. 3b).

UC-MSCs Inhibited the Ovarian Inflammation in POF
Mice

To determine the effect of UC-MSC transplantation on
ovarian inflammation induced by chemotherapy, the levels
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Fig. 2 UC-MSC treatment improved ovarian function of POF mice. a
Schematic of the experimental procedures for examining the therapeutic
effects of UC-MSCs in POF mice. N = 6-8 mice/group. b The body
weight changes during the 4 weeks after treatments. ¢ Estrus cycle dura-
tion and percentage of diestrus during the 4 weeks after treatments. d The
serum FSH and E2 concentrations after 2 and 4 weeks. e Macroscopic

of several inflammatory cytokines (pro-inflammatory cyto-
kines: IL-6, IL-13, TNF-«; anti-inflammatory cytokines:
IL-10, IL-1RA, TSG-6) and VEGF of the ovary tissues
were screened at 2 weeks after the treatments. Compared
to those in the NC group, the mRNA levels of IL-6 were
significantly increased while IL-10, TSG-6, and VEGF
were decreased in the POF group. UC-MSC treatment sig-
nificantly downregulated the mRNA expression of 1L-6
and IL-1f3, while it upregulated the mRNA expression of
IL-10, TSG-6, and VEGF (Fig. 4a). The protein expression
of pro-inflammatory cytokines in the ovary tissues was
verified by ELISA and immunohistochemistry. Consistent
with the mRNA results, UC-MSC transplantation signifi-
cantly attenuated the levels of IL-6 and IL-1{3, whereas it
increased the VEGF level in POF mice (Fig. 4 b and c¢).

ovarian sizes after 2 and 4 weeks. f Representative images of H&E-
stained ovary tissue sections after 2 and 4 weeks. g The quantities of
primordial follicles, primary follicles, secondary follicles, and atretic fol-
licles per slide in the three groups at 2 and 4 weeks after treatments. *P <
0.05. **P < 0.01s

MPO-positive cells demonstrated neutrophils. The neutro-
phil percentage in the POF group was higher than that in
the NC group, while UC-MSC treatments significantly de-
creased the neutrophil percentage (Fig. 4c).

To further evaluate the inflammation condition in the ova-
ries, the infiltration of macrophages (F4/80" cells) and neutro-
phils (Ly6G* cells) was assessed. Chemotherapy induced
abundant macrophage and neutrophil infiltration into the ova-
ries. Macrophages were extensively distributed in the ovaries,
but predominantly located in the corpus luteal and atretic fol-
licles. The majority of neutrophils were located surrounding
and within the corpus luteal and follicles. However, UC-MSC
transplantation attenuated the inflammatory cell infiltration
(Fig. 4d). Negative controls of immunohistochemical experi-
ments are shown in Fig. S2a.
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Fig. 3 UC-MSCs attenuated the apoptotic level of injured ovaries. a
Representative images of TUNEL staining to detect apoptosis of
ovarian granulosa cells in vivo at 2 weeks after treatments. Scale bar =
100 um. b Expressions of Bax, Bcl-xl, p-P38, P38, caspase-3, cleaved

Intravenously Injected UC-MSCs Were Located in the
Interstitium of the Ovary Tissue

We traced the fate of tail intravenously administered UC-
MSCs in POF mice using three different approaches (BrdU-
UC-MSCs, GFP-UC-MSCs, and immunohistochemistry with
anti-human nuclei monoclonal). As shown in Fig. 5 a, b, and
¢, UC-MSCs were located in the interstitial area but not in
follicles of the ovary tissue. This result suggested that intrave-
nous injected UC-MSCs could migrate into the ovary, but not
differentiate into follicle component cells, indicating the sig-
nificant role of a paracrine mechanism. Negative controls of
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immunohistochemical and immunofluorescent experiments
are shown in Fig. S2.

Moreover, we investigated whether the chemotherapy-
induced injured ovaries could serve as the chemotaxis source
and lead UC-MSC:s into the lesion. Nevertheless, the numbers
of migrating UC-MSCs were similar with or without the stim-
ulation of injured ovary extracts using the Transwell system
(Fig. 5 d and e). A series of chemokines in the ovary tissues
and their receptors on UC-MSCs were screened for mRNA
expression differences between the NC group and POF group.
However, we found no significant chemotaxis axis induced by
ovarian injury (Fig. 51).
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<« Fig. 5 Location of tail intravenous injected UC-MSCs in the ovaries of
POF mice at 2 weeks after treatments. a BrdU-labeled, b GFP-labeled
UC-MSCs, and ¢ immunohistochemistry with anti-human nuclei mono-
clonal antibody were used to track UC-MSCs in vivo. The black arrow
represents UC-MSCs. d Transwell assays examining the chemotactic
capacities of ovarian extracts from normal and POF mice (7 days after
the model induction) for UC-MSCs. Scale bar = 100 um. e The mRNA
levels of chemotaxis cytokines in ovary tissues from normal and POF
mice. f After 48-h culturing in the medium containing 10% ovarian ex-
tracts from normal and POF mice respectively, the mRNA levels of che-
motaxis receptors in UC-MSCs were measured

UC-MSC-EVs Protected GCs from NM-Induced Injury
by Attenuating Cell Apoptosis and Inflammation
In Vitro

To further explore whether UC-MSCs protect GCs against
chemotherapy via the paracrine pathway, UC-MSC-EVs were
used to treat NM-induced injured GCs in vitro. First, UC-
MSC-EVs were isolated and characterized. The peak concen-
tration of nanoparticles was at 121.1 nm (98.6%), indicating
that the purity of the extracted EVs was good (Fig. 6a). Under
TEM, the typical teacup-shaped EVs could be observed (Fig.
6b). Western blot analysis showed that UC-MSC-EVs obtain-
ed in this study were positive for Alix and CD9, while nega-
tive for Calnexin (Fig. 6¢). These results were consistent with
the characteristics of EVs. Hence, the extracted UC-MSC-
EVs were identified and applied to the following experiments.

After 48-h co-culture, UC-MSC-EVs rescued the sur-
vival rate of NM-treated GCs (36.04% + 12.48% vs.
57.66% + 11.4%, P = 0.043; Fig. 6 d and e). Likewise
the results in vivo, UC-MSC-EVs significantly decreased
the IL-6 and IL-1f3 levels in KGN cells compared to those
in the NM group (76.71 + 14.58 pg/mg vs. 109.90 + 12.24
pg/mg, P=0.039; 17.41 +2.76 pg/mg vs. 24.37 £3.32 pg/
mg, P =0.049; Fig. 6f). The total apoptosis rate in the UC-
MSC-EVs group was significantly lower compared to that
in the NM group (24.86% + 2.23% vs. 41.21% + 6.57%, P
= 0.015). UC-MSC-EVs predominantly protect GCs
against early cell apoptosis induced by NM (19.73% =+
0.79% vs. 36.74% + 5.53%, P = 0.006; Fig. 4 g and h).
These results showed that UC-MSC-EVs could protect
GCs from chemotherapy by decreasing GC inflammation
and apoptotic level in vitro.

Discussion

UC-MSC transplantation has been shown to restore the dam-
aged ovarian function in the POF models [18, 24, 32-36].
The mechanisms focused on inhibiting GC apoptosis, pro-
moting GC proliferation and ovarian angiogenesis, activat-
ing primordial follicles, upregulating the expression of pro-
tective growth factors, and the antioxidant effect [33-38].
The activation of the AKT pathway plays a vital role in the

reparative effects of UC-MSCs [39, 40]. However, there was
no study reporting the inflammation regulatory effects of
UC-MSCs on chemotherapy-induced ovarian damage so
far, regardless of in vivo or in vitro. The current study
attempted to explain the reparative effects of UC-MSCs on
POF from both anti-apoptosis and inflammation inhibition.
Moreover, we used UC-MSC-EVs to treat chemotherapy-
injured GCs to confirm the potential role of a paracrine
mechanism. Inhibition of GC apoptosis and inflammation
was also ascertained in vitro.

GCs construct the living microenvironment for the oocyte,
maintaining oocyte survival and follicle development.
Chemotherapeutic agents result in DNA double-strand break,
thus inducing the apoptosis of GCs [41, 42]. One of the prin-
cipal mechanisms to activate cell apoptosis is the mitochon-
drial pathway, which is regulated by the Bcl-2 family mem-
bers [43]. In the Bcl-2 family, the pro-apoptotic protein Bax
and the anti-apoptotic protein Bcl-xl are common markers for
apoptosis, and they have been shown to regulate apoptosis in
the ovary [44]. Similar to previous reports [33, 36], we found
that UC-MSC treatment reversed the apoptotic level of GCs,
as well as inhibited the activation of apoptotic executive en-
zyme caspase-3 and reduced the Bax/Bcl-xI ratio in the ova-
ries. These results demonstrated the protective effects of UC-
MSCs against the apoptosis in the ovary tissue induced by
chemotherapy.

The molecular mechanisms underlying the restorative ef-
fect of UC-MSCs remain unclear. AKT and P38 pathways
contribute to numerous biological processes, including metab-
olism, immune regulation, and various aspects of cell devel-
opment [39]. The phosphorylation of AKT has been evi-
denced to activate primordial follicle, promote ovarian angio-
genesis, increase cell proliferation, and decrease apoptosis in
GCs, as well as regulate T cell subset ratios [29, 33, 40]. Here,
we also noticed a significantly increased level of phosphory-
lated AKT after UC-MSC treatment, suggesting that UC-
MSCs might recover the damaged ovary via the AKT path-
way. However, it needs further study to investigate how UC-
MSC:s regulate the phosphorylation of AKT in POF. P38 is a
member of the mitogen-activated protein kinase (MAPK)
family. The regulation of cellular physiology by the MAPK
pathway is complex and often controversial. Although the P38
pathway has been shown to play an important role in promot-
ing inflammation and cell apoptosis under stimuli, which was
reported in GCs of radiation-induced damaged ovaries [45,
46], other studies showed that the activation of the P38 path-
way could produce anti-apoptotic and proliferative effects and
promote cell survival in prostate and lung cancers [47]. When
responding to chemotherapeutic agents, different organs trig-
ger opposite effects of the P38 pathways, suggesting the dual
roles of P38 in genotoxic stress-induced apoptosis [48]. In the
current study, P38 phosphorylation was inhibited after chemo-
therapy, but reversed by UC-MSC transplantation. These
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<« Fig. 6 Identification of UC-MSC-EVs and effects of UC-MSC-EVs on
NM-treated granulosa cells in vitro. a Nanoparticle tracking analysis, b
the image under transmission electron microscope, and ¢ the protein
expression of EV markers for EVs extracted from UC-MSCs culture
medium. After NM-KGN cells treated with or without UC-MSC-EVs
for 48 h, d the morphology of KGN cells was observed, and e the survival
rates were examined by CCK-8 assays. f The IL-6 and IL-1{3 concentra-
tions of NM-KGN cells (adjusted by the protein concentrations) treated
with or without UC-MSC-EVs. g Flow cytometric analysis of AnnexinV/
PI staining levels of KGN cells. h Comparisons of total, early and late
apoptosis rates of KGN cells among the three groups. *P < 0.05. **P <
0.01

results indicated that the pro-survival effect of P38 took pre-
dominance in the CTX-induced POF model.

CTX could break the inflammatory balance in the ova-
ries through inhibiting the production of anti-inflammatory
cytokines whereas increasing the production of pro-
inflammatory cytokines. Immune regulation and anti-
inflammatory property are critical characteristics for MSC
treatment, which would help rescue the ovary damage [19,
20, 23]. Skin-derived MSCs and human amnion—derived
MSCs could decrease the elevated expression of IL-6, IL-
13, IL-8, and TNF-« in the ovaries damaged by chemo-
therapy [19, 23]. Bone marrow—derived MSCs (BMSCs)
were also reported to help in reversing the increased
TNF-« level in chemotherapy-induced POF [22]. Yin
et al. used human placenta—derived MSCs to treat
autoimmune-induced POF mice and found that the restor-
ative effects were associated with the decreased ratios of
Th17/Tcl17 and Th17/Treg cells in the spleens [40].
Despite the numerous studies about the immune suppres-
sion and anti-inflammatory effects of UC-MSCs in other
diseases, they were unrevealed in the POF model. Here, we
found decreased expression of IL-6 and IL-1[3 as well as
increased expression of anti-inflammatory cytokines IL-10
and TSG-6 in the UC-MSC group compared to that in the
POF group. Despite extensive studies about inflammatory
cytokines in the POF model, immune cell infiltrations were
rarely examined. Here, the distributions of macrophages
and neutrophils were assessed. We found abundant macro-
phage and neutrophil infiltration in the CTX-damaged ova-
ries. However, UC-MSC treatment could relieve both mac-
rophage and neutrophil infiltration, leading to the mitiga-
tion of ovarian inflammation caused by chemotherapy.

The tracking of UC-MSCs in vivo allowed to prelimi-
narily reveal the mechanism underlying the restorative ef-
fects. Most studies have shown that MSCs excrete various
cytokines which enhance the proliferation, survival, and
function of resident cells to repair tissue damage, thus in-
dicating the significance of a paracrine mechanism [16, 23,
25]. Likewise, UC-MSCs could secrete protective cyto-
kines and growth factors (VEGF, HGF, FGF-2, and IGF-
1), and also promoted the ovary tissue to express those
cytokines [35]. Additionally, the ability of MSCs to

differentiate into GCs in POF mice has been also reported,
such as endometrial MSCs [26]. For UC-MSCs, previous
studies consistently observed that intravenously injected
human stem cells migrated into the ovarian interstitium
rather than the follicles [24, 33—35], which is in accordance
with our findings. The results implied that the protective
effects of UC-MSCs relied on a paracrine mechanism, but
not their multipotent differentiation capacity.

EVs as a category of membranous vesicles (including
exosomes and microvesicles) secreted by various kinds of
cells contain numerous molecules, such as mRNA,
microRNAs, IncRNAs, proteins, and lipids [49]. By transfer-
ring these contents, EVs mediate communications between
cells and modify the biological processes in target cells, par-
ticipating in the paracrine mechanism. Yang et al. found that
UC-MSC-derived microvesicle transplantation recovered
ovarian function in POF mice by inducing angiogenesis via
the PI3K/AKT pathway [29]. Inhibition of GC stress and ap-
optosis was also reported to participate in the protective effects
of UC-MSC-derived exosomes/EVs against cisplatin-induced
ovarian damage [28, 30]. In this study, UC-MSC-EVs could
alleviate not only apoptosis level, but also inflammation level
of alkylating agent—-damaged GCs, thus further ascertaining
the vital roles of a paracrine mechanism and the anti-
inflammatory effect of UC-MSCs.

Many studies identified the “homing capacity” of MSCs
when they found that MSCs in the circulatory system could
migrate into the target organs. However, likewise to the first
and largest retention of intravenously administered MSCs in
the lungs, MSCs could be detained by the capillaries and
further infiltrate into the respective organs. Liu et al. examined
the homing effects of BMSCs to GCs in vitro with or without
cisplatin pretreatment, and GCs injured by cisplatin were
found to promote the migration of BMSCs, suggesting the
chemoattractiveness of cisplatin-damaged ovaries for
BMSC:s [50]. In contrast, although Gabr et al. speculated that
the elevation of ovarian TNF-o might play a role in the attrac-
tion of BMSCs in vivo, they noticed entrapments of BMSCs
in the ovarian stroma in both the control and POF groups [22].
Their results were similar to our findings in vitro, and we
neither found a difference in the expression of chemokines
or relative receptors with or without CTX pretreatment. The
chemoattractiveness of injured ovaries for UC-MSCs and un-
derlying mechanisms still need further confirmation and
exploration.

Although UC-MSCs were considered as a valuable candi-
date for treating clinical POF, the treatment protocol, includ-
ing the administration frequency, is undetermined yet.
Restored ovarian functions were usually reported within 6
weeks following the UC-MSC transplantation, [33-35]. In
addition, several studies demonstrated a decrease of endome-
trial MSC count in the ovaries of POF mice over time [16, 26].
Here, we noticed some fluctuations of UC-MSCs reparative
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effects after 4 weeks compared to those after 2 weeks.
Therefore, a consideration was raised that the retention dura-
tion in the ovaries of UC-MSCs in different batches might
have some influences on the treatment frequency. Repetitive
administrations of UC-MSCs may be necessary for consoli-
dating the effects, and 2 weeks might be a suggested time
interval between two treatments for our UC-MSC batch.
However, determining the fate and pharmacokinetics of UC-
MSCs in vivo still needs further investigation.

Conclusion

The present study demonstrated that intravenously injected
UC-MSCs could rapidly improve the ovarian function in
chemotherapy-induced POF through anti-apoptotic and anti-
inflammatory effects via the activation of the AKT and P38
pathways. UC-MSCs could migrate to the ovarian stroma and
restore the tissues by a paracrine mechanism. Our study pro-
vided further evidence for the protective effects of UC-MSC
transplantation for chemotherapy-induced POF currently
lacking effective treatments. As the paracrine mechanism is
one of the predominant methods to achieve the restorative
effects of UC-MSCs, UC-MSC-related products, including
EVs, might be able to serve as novel therapeutic candidates.

Abbreviations UC-MSCs, umbilical cord mesenchymal stem cells;
POF, premature ovary failure; HRT, hormone replacement therapy; E2,
estradiol; FSH, follicle-stimulating hormone; GC, granulosa cell; CTX,
cyclophosphamide; EV, extracellular vesicle; NC, normal control; SD,
standard deviation; ANOVA, one-way analysis of variance
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